Diffuse axonal injury (DAI), a major component of traumatic brain injury, is associated with rapid deformation of brain tissue resulting in the stretching of neuronal axons. Focal axonal beading, which is the morphological hallmark of DAI pathology, leads to the disconnection of neurons from tissues and results in cell death. Our goal is to achieve a better understanding of neuronal tolerance and help predict the pathogenesis of DAI from mechanical loading to the head. In the present study, we developed an experimental model that subjected cultured neurons to uniaxial stretch by controlling the direction of axonal elongation with a microfluidic culture technique and examined the effect of strains along the axon on cell damage. Neurites from PC 12 cells that differentiate into neurons with structurally axon-like cylindrical protrusions by nerve growth factor were extended at 0°, 45°, and 90° relative to the tensile direction by using a fabricated polydimethylsiloxane (PDMS) piece with microgrooves in combination with a PDMS substrate. The morphology of the same neurites was observed before and after stretching with a strain of 0.22 at a strain rate of 27 s -1 . As a result, swellings along neurites oriented at 0° increased immediately following stretching and were sustained for 24 h. In contrast, swellings along neurites oriented at 45° and 90° transiently increased within 1 h following stretching. Although more ruptures were observed in neurites oriented at 0° and 90° than in those oriented at 45°, the number of neurites and cells did not differ among orientation conditions. These results suggest that the difference in strain along the axon induces axonal injuries differing in type and degree. They also suggest that the strain on the axon, rather than that on the cell-cultured substrate, is important for evaluating neuronal damage.
Introduction
Traumatic brain injury (TBI)-caused by traffic accidents, falls, and contact sports-is an important public health problem throughout societies because it contributes to disability and death. Diffuse axonal injury (DAI), which involves widespread damage to neurons, is caused by sudden inertial loading to the head and is associated with rapid deformation of brain tissue that results in the stretching of neuronal axons (Smith and Meaney, 2000) . This mechanical insult damages the neurofilament structure in the axonal cytoskeleton and causes focal compaction and/or impaired transport. The resulting accumulation of neurofilaments and transport material induces focal axonal swelling (Povlishock, 1992) . Axonal swelling, in turn, leads to secondary axotomy, which results in the disconnection of neurons from their target tissues and, eventually, cell death (McIntosh, et al., 1996; Gaetz, 2004) . The axonal swelling associated with the accumulation of cellular organelles and proteins is the morphological hallmark of DAI pathology (Povlishock, 1995) .
The investigation of tissue-and cellular-level injury biomechanics is critically important in refining neural tolerance criteria and developing a diagnostic procedure for DAI. We believe that secondary neuronal death resulting in DAI may be predicted by quantifying axonal injury. To date, various in vitro models have been developed for understanding the mechanical stimuli during an impact event and the subsequent responses of tissue and cells (Morrison, et al., 1998; Kumaria and Tolias, 2008; Morrison, et al., 2011) . In previous studies, investigators have conducted in vitro experiments on organotypic brain slice cultures (Cater, et al., 2007) , nerve fibers (Gray and Ritchie, 1954; Bain and Meaney, 2000) , single axons (Galbraith, et al., 1993) , and neuron cultures (Cullen, et al., 2007) . These studies have provided information helpful for understanding the cellular mechanism of neuronal injury, and have shown that the degree of electrophysiological impairment and morphological damage of neurons is directly related to the magnitude and rate of axonal stretch. We have also demonstrated that the increase in neurite swellings and cell death are dependent on the severity of stretching and that the formation of neurite swellings correlates with the progression to neuronal death (Nakadate, et al., 2012) . However, the influence of axonal orientation on neuronal damage has not yet been fully examined, despite variation in the anatomical orientation of neuronal axons in different parts of in vivo brain tissue. The aim of our study is to gain a better understanding of the correlation between the strain along axons and neuronal damage. In this study, we developed a uniaxial stretch model that subjected cultured neurons to uniaxial stretch by controlling the direction of neurite elongation with a microfluidic culture technique, and examined the effect of varying the strain along neurites on the damage to neurons (Fig. 1) . 
Materials and methods

Uniaxial stretching device
The device consisted of a servo actuator (RCS3-SA8C, IAI, Shizuoka, Japan), a servo actuator controller (SCON-C; IAI), a linear sensor for measuring tensile displacement (LP-20F, Midori Precisions, Tokyo, Japan), a load cell for measuring tensile loading (TCLS, Toyo Sokki, Kanagawa, Japan), a load cell converter (LC14111, Unipulse, Tokyo, Japan), a programmable logic controller (KV-3000 CPU, Keyence, Osaka, Japan), an A/D converter unit (KV-AD40V, Keyence), an AC power unit (KV-U7, Keyence), and a polydimethylsiloxane (PDMS) chamber ( Fig.  2A) . The PDMS chamber was clamped to a microscope stage at one end ( Fig. 2B1 ) and connected to a stainless plate attached to the linear sensor and load cell on the other (Fig. 2B2 ). The load cell was connected to a wire whose tip was equipped with an iron piece, which stuck to a magnet fixed on the slider of the servo actuator (Fig. 2B3) . The stainless plate connected to the PDMS chamber was pulled by the servo actuator via the wire. When the stainless plate was pulled up against the stopper (Fig. 2B2) , the iron piece became detached from the magnet on the slider, which kept moving. Subsequently, the stretched PDMS chamber returned to its original position by elastic force. The stainless plate was static during acceleration of the actuator owing to the slack provided by the wire; hence, it was pulled at a constant velocity once tension was applied to the wire. In addition, the device could produce a sinusoidal displacement waveform during stretching.
The PDMS chamber shown in Fig. 3A was fabricated by reference to the report by Pfister (2003) . The base, a PDMS-prepolymer, and the curing agent (SYLGARD 184 Silicone Elastomer Kit, Dow Corning, Midland, MI, USA) were mixed in 10:1 mass ratio and the mixture was deaerated in a round desiccator (VDR-25G, Jeio Tech, Seoul, Korea) connected to a dry vacuum pump (DOP-40D, Ulvac Kiko, Miyazaki, Japan). The deaerated mixture was poured into a polystyrene square case and stainless mold to be 0.3 and 10 mm in thickness, respectively, and was cured on a hot plate (C-MAG HP 7, IKA, Osaka, Japan) at 65 °C for 1 h. After curing, the two parts were bonded by the deaerated mixture and cured at 65 °C for 1 h. To obtain the relation between the displacement of the PDMS chamber and the strain of the culture substrate, the PDMS chamber was pulled statically in increments of 0.5 mm to 4 mm and the Green-Lagrange strains of the culture substrate in the PDMS chamber were calculated from microscope images before and after stretching (Pfister, et al., 2003) . As a result, the transverse strain, i.e., contraction in the direction perpendicular to tension, was suppressed to less than 10% of the longitudinal strain, i.e., elongation in the direction parallel to tension (Fig. 3B) . In this study, the displacement shown in Fig. 3C was applied to the chamber with a strain of 0.22 at a strain rate of 27 s -1 . The strain rate was obtained by dividing the maximum strain by the time to maximum strain.
Fig. 2 (A)
Components of the uniaxial stretching device. The device consisted of a PDMS chamber on a microscope stage, a linear sensor, a load cell, a servo actuator, and a wire. (B1) The PDMS chamber was clamped to a microscope stage at one end. (B2) The other end of the PDMS chamber was connected to a stainless plate whose displacement was limited by a stopper. (B3) The stainless plate was connected to the slider of the actuator via the wire whose tip was equipped with an iron piece, which stuck to a magnet fixed on the slider. 
Fabrication of microtunnel structure
A microtunnel structure for the directional control of neurite elongation was fabricated by using soft lithography and replica molding by reference to the report by Takayama (2012) . The dust on the surface of a silicon wafer was cleaned by rinsing with deionized water for 10 min and the oxidized membrane on the surface was cleaned by ultrasonication in ethanol for 5 min, acetone for 5 min, and Semico Clean 23 (Furuichi Chemical Co., Tokyo, Japan) for 10 min. After rinsing with deionized water for 3 min, the silicon wafer was dried in an inert oven (DN43HI; Yamato Scientific, Tokyo, Japan) at 110 °C for 3 min and cooled to room temperature for 10 min (cleaning process). The master mold of the microtunnel structure was produced by patterning two layers of a negative photoresist (SU-8 50, MicroChem, Newton, MA, USA). SU-8 was coated on a silicon wafer as a 40-μm-thick first layer by using a spin coater (Spinner 1H-IIID; Kyoei Semiconductor, Saitama, Japan) at a rate of 500 rpm for 5 s and 3000 rpm for 30 s (spin-coating process shown in Fig. 4A ). The coated substrate was baked in an inert oven at 65 °C for 35 min and at 95 °C for 25 min to vaporize the solvent in the photoresist. The baked substrate was cooled to room temperature for 10 min (soft-baking process). The soft-baked substrate was exposed to ultraviolet (UV) light for 37 s by using a mask aligner (M-1S, Mikasa, Tokyo, Japan) through the first photomask used to fabricate the 50 μm-wide microgroove patterns (photolithography process shown in Fig. 4B ). The exposed substrate was baked in an inert oven at 65 °C for 60 min and 95 °C for 60 min. The baked substrate was cooled to room temperature for 10 min (post-baking process). The first patterns in the post-baked substrate were developed with SU-8 developer (MicroChem) for 6 min and rinsed with 2-propanol (development process). The developed substrate was baked in an inert oven at 175 °C for 30 min to enhance the cross-linking of SU-8 (hard-baking process). The hard-baked substrate was cooled gently to room temperature, after which the processes from spin-coating to hard-baking were repeated. SU-8 was coated as a 100-μm-thick second layer at a rate of 500 rpm for 5 s and 1000 rpm for 30 s (Fig. 4C ). The coated substrate was baked at 65 °C for 35 min and at 95 °C for 40 min. The soft-baked substrate was exposed to UV light for 40 s through the second photomask, which was aligned with the first patterns and used to fabricate the pattern of the spacer area (Fig. 4D ). The exposed substrate was baked at 65 °C for 60 min and 95 °C for 60 min. The second pattern was developed with SU-8 developer for 10 min and rinsed with 2-propanol. The developed substrate was baked at 175 °C for 30 min. The fabricated master mold was set in a 60-mm polystyrene culture dish. A mixture of PDMS-prepolymer with the curing agent was poured over the master mold in the dish to transfer the structure of the microgrooves and spacer area in the master mold to the PDMS. The dish containing the master mold and mixture was placed on a hot plate at 65 °C for 1 h (molding process shown in Fig. 4E ). After curing, the PDMS was peeled from the master mold, the structure was cut off from the PDMS, and a culture well 6 mm in diameter was hollowed out over the spacer area (Fig. 4F) . The fabricated microtunnel structure with a culture well was sealed onto the culture substrate in a PDMS chamber (Fig. 5) . The surface of the culture substrate in the PDMS chamber was hydrophilized in advance by using a plasma cleaner (PDC-32G; Harrick Plasma, Ithaca, NY, USA) and coated with 0.01% poly-L-lysine (Sigma-Aldrich). Fig. 4 Fabrication process of microtunnel structure. SU-8 was coated as a 40-μm-thick first layer on a silicon wafer and soft-baked (A). The baked substrate was exposed to UV light through the first photomask used to fabricate the 50-μm-wide microgroove patterns and post-baked. The first patterns were developed, rinsed, and hard-baked (B). SU-8 was coated as a 100-μm-thick second layer on the patterns and soft-baked (C). The baked substrate was exposed to UV light through a second photomask used to fabricate the pattern of a spacer area, and then post-baked. The second patterns were developed, rinsed, and hard-baked (D). PDMS was poured over the fabricated master mold and heated to transfer the patterns to the PDMS (E). After curing, PDMS was peeled from the mold and a culture well was punched out (F). Top and cross-sectional views of microtunnel structure (A) and microtunnel structure on culture substrate of PDMS chamber (B). The microtunnel structure has a culture well of 6 mm in diameter, spacer area of 100 μm in height, and 20 microtunnels of 50 μm in width and 2 mm in length.
Cell culture
PC12 cells-tumor cells derived from adrenal chromaffin cells of a rat (Greene and Tischler, 1976) -were provided by the RIKEN Cell Bank (Tsukuba, Japan). After exposure to nerve growth factor (NGF), the cells extend neurites, which are structurally axon-like cylindrical protrusions, and differentiate into cholinergic sympathetic neurons (Dichter, et al., 1977) . The cells were cultured in Dulbecco's modified Eagle's medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Life Technologies), 10% horse serum (Life Technologies), 100 U/mL penicillin (Sigma-Aldrich, St. Louis, MO, USA), and 0.1 mg/mL streptomycin (Sigma-Aldrich) under conditions of 5% CO2 and 100% humidity at 37 °C. The microtunnel structure was placed on the culture substrate in the PDMS chamber so that the microtunnels were oriented at an angle of 0°, 45°, or 90° relative to the tensile direction. The cells were seeded into the culture well of the microtunnel structure at 5-10×10 4 cells/cm 2 in the presence of 100 ng/mL NGF (Life Technologies) for 9 days. After the neurites entered the microtunnels and became elongated at an angle of 0°, 45°, or 90° relative to the tensile direction, the microtunnel structure was removed from the culture substrate of the PDMS chamber, after which experiments were conducted with the uniaxial stretching device. As a sham control, neurons matched in age to those subjected to strains were cultured in the PDMS chamber, after which they were placed in and removed from the uniaxial stretching device without mechanical loading. The medium in the PDMS chamber was not removed during the experiment, which was completed within 5 min. The surrounding temperature of the device was held at 37 °C. The PDMS chamber was returned to the CO2 incubator after the experiment.
Morphological observation
Cells were observed by using an inverted microscope (IX71, Olympus, Japan) equipped with a cooled CCD camera (Penguin 600CL, Pixera, Japan). Phase-contrast images were obtained immediately before injury and at 5 min, 30 min, 1 h, 3 h, 6 h, and 24 h after injury. The number of cells, length of neurites, and numbers of neurite swellings, retractions, and ruptures were manually measured with ImageJ (National Institutes of Health, Bethesda, MD, USA). The neurites extended within ± 5° of each orientation angle evaluated. A neurite swelling was defined as a thick part in a neurite, and the number of such swellings in each neurite was divided by its length. A neurite rupture was defined as a rupture that occurred within 24 h post-injury. A neurite retraction was defined as the shortening of a neurite by more than 10% within 24 h post-injury.
Statistical analysis
Results were expressed as the mean ± standard error of the mean (SEM) of 3-5 independent experiments. Thirty to forty cells in total were analyzed at each neurite orientation angle. Means were compared by Steel's multiple comparison test. A p value of less than 0.05 was considered significant.
Results
Directional control of neurite elongation by using microtunnel structure
Neurites were linearly elongated along the microtunnels in the microtunnel structure (Fig. 6A ), whereas they were elongated randomly in a culture dish (Fig. 6B) . The maximum length of a linearly elongated neurite was approximately 2 mm. After elongation, the length of neurites and the number of swellings per 1 mm of neurite were measured before and after removal of the microtunnel structure from the culture substrate of the PDMS chamber. The length of neurites increased 72 h after removal. However, the number of swellings significantly increased 5 min after removal and returned to pre-removal levels by 24 h after removal. These results show that removal of the microtunnel structure transiently causes neurite injury, although the injury is slight. Therefore, stretching experiments were conducted 24 h after removal of the microtunnel structure in this study. 
Morphological changes in neurite injury induced by stretching
Each neurite was stretched with a strain of 0.22 at a strain rate of 27 s -1 , and its morphology was observed at 5 min-24 h post-stretching. In this study, the same neurite could be observed before and after stretching because neurites oriented by the microtunnel structure were easily distinguished. Various changes were observed after stretching: the formation of periodic swellings along neurites (Fig. 7A) ; rupture at the middle of a neurite (Fig. 7B) ; and the shortening and disappearance of a neurite (Fig. 7C ).
Effect of strains along neurite on damage to neurons
Few neurite swellings were observed before stretching and in static culture after removal of the microtunnel structure (sham control). The swellings began to form as early as 5 min post-stretching. The number of swellings per 1 mm of neurite was significantly higher in neurites oriented at 0° relative to the stretching direction than in sham controls at all time points after stretching, although the swellings in neurites oriented at 45° and 90° transiently increased within 1 h post-stretching. The number of swellings was significantly higher at 30 min and 1 h after stretching in neurites oriented at 45° and at 1 h after stretching in neurites oriented at 90° than in sham neurites (Fig. 8) . The number of neurites ruptured and number of neurites shortened within 24 h after stretching relative to those before stretching were higher in neurites oriented at 0° and 90° than in those oriented at 45° (Table 2 ). The numbers of neurites and cells decreased slightly relative to those before stretching; however, the changes were not significant at 24 h post-stretching. The decrease of neurites and cells did not differ among orientation conditions ( Fig. 9 and 10) . Fig. 7 Morphological changes in neurites following stretching. Upper images are neurites before stretching; lower images are the same neurites after stretching. Following stretching, periodic swellings formed along neurites in (A); a rupture occurred in the middle of a neurite in (B); and a neurite shortened and disappeared in (C). Fig. 8 Time course of the number of swellings per 1 mm of neurite following stretching. Blue bars represent neurites in static culture after removal of the microtunnel structure (sham control). Red, green, and purple bars represent neurites oriented at 0°, 45°, and 90°, respectively, relative to the stretching direction. *: statistically significant difference versus sham control (p < 0.05). Table 2 Ruptured and retracted neurites at 24 h after stretching relative to those before stretching. Thirty to forty cells in 3-5 independent experiments were analyzed at each neurite orientation angle.
Sham control 0° 45° 90° Neurite rupture 0 % 22 % 8 % 20 % Neurite retraction 24 % 54 % 42 % 52 % Fig. 9 Time course of the number of neurites following stretching. Blue bars represent neurites in static culture after removal of the microtunnel structure (sham control). Red, green, and purple bars represent neurites oriented at 0°, 45°, and 90°, respectively, relative to the stretching direction. Fig. 10 Time course of the number of cells following stretching. Blue bars represent neurites in static culture after removal of the microtunnel structure (sham control). Red, green, and purple bars represent neurites oriented at 0°, 45°, and 90°, respectively, relative to the stretching direction.
Discussion
In this study, we assessed stretch-induced injury in neurites oriented at an angle of 0° (parallel), 45° (oblique), or 90° (perpendicular) relative to the stretching direction by using a microtunnel structure. The swellings along neurites increased more at 0° than at 45° or 90° after stretching. In contrast, more ruptures and retractions of neurites were observed at 0° and 90° than at 45°; however, the number of neurites and cells did not differ among orientation conditions. The absolute strain along a neurite increases in the order of neurites oriented at 90° (-0.02), 45° (0.14), and 0° (0.22) relative to the stretching direction. In contrast, the absolute strain perpendicular to a neurite increases in the order of neurites oriented at 0° (-0.02), 45° (0.17), and 90° (0.22). Therefore, neurite swellings that are functionally damaged would be influenced by strain along the neurite, whereas the rupture and retraction of neurites that are physically and structurally damaged would be influenced by the magnitude of the strain regardless of its loading direction. Smith, et al. (1999) reported that cultured axons were straightly oriented in the tensile direction and that after stretching, a delayed elastic response of the axons before the formation of swellings along them was observed. Undulating distortions were observed at periodic points along axons immediately after stretching, and the axons gradually recovered their original straight orientation. The relation between delayed elastic response and axonal injury is not yet fully understood; hence, it will be necessary to observe more detailed morphological changes of single axons before and after stretching.
The increase in swellings of neurites oriented at 0° after stretching with a strain of 0.22 at a strain rate of 27 s -1 in this study is approximately double the increase in swellings of randomly oriented neurites after stretching with a strain of 0.15 and a strain rate of 30 s -1 in a previous study (Nakadate, et al., 2012) . However, in both studies, the decrease in the number of cells is not significant at 24 h after stretching. These results indicate that the neurite injury depends on the strain along the neurite and that cell death is not closely related to the direction of the strain. Neurite injury might lead to cell death in the case of more severe stretching.
An isolated squid giant axon undergoes structural failure by exposure to uniaxial stretching with a strain of 0.25-0.30 and a strain rate of 10 s -1 (Galbraith, et al., 1993) , and a strain of 0.33 at a strain rate of 10 s -1 exceeds the structural breaking limit in a single myelinated nerve fiber dissected from frog sciatic nerves (Gray and Ritchie, 1954) . In contrast, human neurons derived from the cell line N-Tera2 demonstrate a remarkably high tolerance to tensile strain even under dynamic loading conditions, with no primary axotomy observed with applied strains below 65% (Smith, et al., 1999) . However, in this study, 22% of the neurite ruptures were observed in neurites oriented at 0° after stretching with a strain of 0.22 at a strain rate of 27 s -1 . Although the tolerance of axonal injury apparently varies with species, these differences in threshold might be due to differences in strain along the axon. It is well known that differentiated PC12 cells have unmyelinated axons. Therefore, injury criteria might also differ depending on the axonal structure. It will be necessary to study differences in tolerance between myelinated and unmyelinated axons.
Conclusions
In this study, we developed an in vitro uniaxial stretch model in which the magnitude and direction of the strain applied to neurites could be controlled. We demonstrated that the difference in the orientation angle of a neurite relative to the tensile direction influenced the formation of swellings, ruptures, and retractions of the neurite. These results suggest that the difference in strain along the axon induces different types and degrees of axonal injury and that the strain on the axon, rather than that on the cell-cultured substrate, is important for evaluating the damage to neurons. Further detailed studies will examine the threshold of stretch-induced axonal injury, the correlation between axonal injury and neuronal death, and the underlying mechanisms of DAI due to mechanical loading to the head.
